The left atrial appendage (LAA) is a finger-like extension originating from the main body of the left atrium. Atrial fibrillation (AF) is the most common clinically important cardiac arrhythmia, occurring in approximately 0.4% to 1% of the general population and increasing with age to >8% in those >80 years of age. In the presence of AF thrombus, formation often occurs within the LAA because of reduced contractility and stasis; thus, attention should be given to the LAA when evaluating and assessing patients with AF to determine the risk for cardioembolic complications. It is clinically important to understand LAA anatomy and function. It is also critical to choose the optimal imaging techniques to identify or exclude LAA thrombi in the setting of AF, before cardioversion, and with current and emerging transcatheter therapies, which include mitral balloon valvuloplasty, pulmonary vein isolation, MitraClip (Abbott Laboratories, Abbott Park, Illinois) valve repair, and the implantation of LAA occlusion and exclusion devices. In this review, we present the current data regarding LAA anatomy, LAA function, and LAA imaging using the currently available noninvasive imaging 
A trial fibrillation (AF) occurs in approximately 0.4% to 1% of the general population, increasing with age to >8% in those >80 years of age, with prevalence projected to more than double by 2035 (1) (2) (3) . In 1909, Welch (4) noted that cardiovascular stroke associated with AF was due to left atrial appendage (LAA) thrombi and that this was the most common site for thrombus formation in the setting of AF (5) . Meticulous attention should be given to the LAA when evaluating patients with AF to determine the risk for cardioembolic complications, especially before proceeding with cardioversion. In addition, the development of new interventional transcatheter procedures for AF, mitral valve repair, atrial septal defect closure, and LAA occlusion may result in intentional or unintentional instrumentation of the LAA. Thus, it is now clinically important to understand LAA anatomy and the optimal imaging techniques to identify or exclude LAA thrombi.
LAA ANATOMY
The LAA derives from the primordial left atrium (LA), which is formed mainly by the adsorption of the primordial pulmonary veins and their branches (6) . It is a finger-like projection from the main body of the LA.
The junction is fairly well defined by a narrowing at the orifice of the appendage. There are considerable variations in its size, shape, and relationship with adjacent cardiac and extracardiac structures, which can be extremely relevant when interventional procedures are performed.
In most hearts, the LAA extends between the anterior and the lateral walls of the LA, and its tip is directed anterosuperiorly, overlapping the left border of the right ventricular outflow tract or the pulmonary trunk and the main stem of the left coronary or the circumflex artery. It is not uncommon to find the tip of the LAA directed laterally and backward.
However, in a small percent of hearts, the tip of the LAA passes behind the arterial pedicle to sit in the transverse pericardial sinus. The external appearance of the LAA is that of a slightly flattened tubular structure with crenellations, often with one or more bends and terminating in a pointed tip. Because of its slightly flattened shape, the lower surface usually overlies the left ventricle and the upper surface is beneath the fibrous pericardium. Internally ( Figure 1A ), the orifice of the appendage is usually oval, whereas round, triangular, and water-drop shapes are observed less frequently (7, 8) . The left lateral ridge separates the orifices of the left pulmonary veins from the LAA orifice, but the precise relationship between the level of the orifice and its distance to the venous orifices varies (9) . The smooth muscular wall of the LA vestibule separates the orifice from the mitral annulus.
Most appendages have a well-defined orifice that leads to a neck region that opens to the body of the appendage. In a large study of postmortem hearts, Veinot et al. (10) defined lobes as protrusions from the main body with the tail portion also representing a lobe, whereas bends in the tail do not constitute more lobes. They found that 2 lobes were most common (54%), followed by 3 lobes (23%), 1 lobe (20%), and 4 lobes (3%), and noted there were no significant age-or sex-related differences in LAA morphologies.
An increased number of lobes was associated with the presence of a thrombus independent of clinical risk and blood stasis (11) . In a recent study using multidetector computed tomography (MDCT) and cardiac magnetic resonance (CMR), the shapes of the LAA in patients with drug-refractory AF were classified into 4 morphological types (Figures 2 and 3) , with "chicken wing" being the most common (48%), followed by "cactus" (30%), "windsock" (19%), and "cauliflower" (3%) (12) . The "cauliflower" morphology is most often associated with an embolic event. It is described as having a short overall length, more complex internal characteristics, a variable number of lobes with lack of a dominant lobe, and a more irregular shape of the orifice. The "cactus shape" has a dominant central lobe and secondary lobes arise from it superiorly and inferiorly, whereas the "windsock" has a dominant lobe as the primary structure and there are variations in the location and number of secondary or even tertiary lobes. The "chicken wing" has a dominant lobe that presents with an obvious bend in its proximal or middle part, folding back on itself at some distance from the orifice, and it may have secondary lobes. 
surfaces; are strap-like; or resemble a fan-type-palmleaf arrangement near the border with the atrial vestibule (14) . As shown in Figure 5A , the thicker muscle bundles may be mistaken for thrombi or intra-atrial masses (10) . The remainder of the LAA wall in between the muscle bundles is paper-thin ( Figure 1A) .
Studies of heart specimens and casts from patients in sinus rhythm (SR) compared with those from patients with AF revealed structural remodeling of the LAA with dilation of the chamber and a reduction in the number of pectinate muscles (15, 16) .
LAA FUNCTION AND THROMBUS FORMATION
Normal contraction of the LAA during SR, as demonstrated in Figure 6 , and adequate blood flow within the LAA lower the risk for formation of thrombi inside its cavity. Thrombus formation is more likely to occur within the LAA when reduced contractility and stasis ensue. As shown in Figure 7 , during AF there is a (D) Cactus. Abbreviation as in Figure 1 .
Beigel et al. The 4 different LAA morphologies as shown by TEE (top), cine angiography (middle), and 3D computed tomography (bottom). Cauliflower (A to C), windsock (D to F), cactus (G to I), and chicken wing (J to L). Abbreviations as in Figure 1 .
with a detailed assessment of LAA morphology, contraction, and flow velocities using 2-dimensional (2D) and 3-dimensional (3D) echocardiography.
Exclusion of LAA thrombi using TEE can also allow early, and safe, cardioversion avoiding the need for prolonged anticoagulation therapy prior to cardioversion (29) . The different aspects used for echocardiographic evaluation of LAA anatomy, function, and flow are further detailed in Table 1. 2D AND 3D ECHOCARDIOGRAPHY. As shown in Figure 8 , TEE imaging of the LAA is best obtained using a multiplane approach in both the long-axis and the short-axis views, as well as with the use of 3D imaging.
In cases in which LAA images are suboptimal, ultra- showing the overlap that exists regarding LAA morphology. Abbreviation as in Figure 1 . imaging (G) show a thrombus within the LAA (arrows). SEC ¼ spontaneous echocardiographic contrast; other abbreviations as in Figure 1 .
Beigel et al. Figure 11 .
ADDITIONAL PARAMETERS. Doukky et al. (64) found that E/e' and e' velocities are independently associated with an LAA thrombus in patients with AF ¼ atrial fibrillation; SR ¼ sinus rhythm; other abbreviation as in Figure 1 .
Beigel et al. atrial flutter, stunning also occurs after conversion of atrial flutter to SR (78) . Stunning usually resolves within several days after cardioversion to SR (72) . The total energy used for electrical cardioversion has no effect on the mechanical function of the LA or LAA (76).
These findings support the concept that mechanisms other than the electrical shock itself are responsible for stunning. As shown in Figure 9 , the occurrence of stunning post-cardioversion (defined as LAA peak late diastolic emptying velocities <20 cm/s) (80) 
ADDITIONAL NONINVASIVE IMAGING MODALITIES.
Although TEE is the most widely used method for evaluation of the LAA, MDCT and CMR are emerging as valuable modalities for imaging and assessment of the LAA anatomy and function. 3D echocardiography is superior to 2D echocardiography for assessment of thrombus mobility and differentiation between the thrombus and the myocardium (36).
3D echocardiography is superior to 2D echocardiography for delineation of the changes in thrombi structure (e.g., calcification, degeneration, or lysis) (36).
3D echocardiography measurements of maximum thrombus diameter showed better interobserver agreement than 2D echocardiography (36) .
LAA volume calculation and volume-derived ejection fraction can be obtained by 3D echocardiography only (36, 42) .
3D TEE renders additional information compared with 2D TEE regarding type and site of intracardiac masses, surface features, and spatial relationship to surrounding structures (37).
3D echocardiography (transthoracic echocardiography [TTE]/TEE) is superior to 2D echocardiography (TTE/TEE) in the adequate visualization of the entire LAA (38) .
The LAA orifice area is measured more precisely by 3D TEE using enface views; 3D measurements correlated well with MDCT values, whereas 2D TEE underestimates the LAA orifice area (18, 39) .
2D TTE/TEE probably underestimates the dimensions of intracardiac masses, compared with 3D TTE/TEE, regardless of the size, location, and cause of the mass (37, 40 ).
An excellent correlation on volume measurement between 3D TEE and surgically removed masses has been demonstrated (41).
3D TEE is superior to 2D TEE in visualizing the LAA orifice in relation to surrounding structures (e.g., mitral valve, left upper pulmonary vein) (43) .
LAA ¼ left atrial appendage; MDCT ¼ multidetector computed tomography; TEE ¼ transesophageal echocardiography; TTE ¼ transthoracic echocardiography; 2D ¼ 2-dimensional; 3D ¼ 3-dimensional. Abbreviation as in Figure 1 .
Beigel et al. Table 5 compares MDCT and TEE and highlights the strengths of each modality. Newer imaging modalities incorporating fusion/integrated imaging would increase the confidence and anatomic awareness, assist in guidance, and increase procedural efficiency (96) .
CONCLUSIONS
The LAA, the most common site for thrombus formation in the setting of chronic or paroxysmal AF, is a complex structure. Multiplane 2D and 3D TEE with spectral and color Doppler, as well as echocardiographic contrast agents, are useful to identify and exclude LAA thrombi. The nonuniform anatomy of the LAA requires a multiparameter approach 
